The highly oriented (001) GaSe film on c-cut sapphire (0001) was successfully fabricated by pulsed laser deposition. As growth temperature decreases from 550 C to 375 C, the structure of films changes from cubic zinc-blende Ga 2 Se 3 phase to GaSe phase. The growth temperature of the critical transition from Ga 2 Se 3 phase to GaSe phase is around 500 C. From atomic force microscope (AFM) results, it is observed that the growth process of GaSe film is in the manner of layer plus island growth. Besides, the optimal growth conditions of as-grown GaSe film were obtained at a substrate temperature of 400 C and laser energy density of 11.7 J/cm 2 . When the thickness of films goes beyond 800 # A, the stress will be released and the thickness of 1200 # A results in an optimal GaSe film. Furthermore, the indirect bound exciton emission and the recombination via impurity levels or structural defects were observed from low-temperature photoluminescence measurement.
Introduction
GaSe film, a two-dimensional (2D) layered compound semiconductor, has strong ion-convalent bonds in each layer and weak van der Waals interaction between layers. Therefore, the van der Waals epitaxy of 2D/3D materials enables the removal of the constraint of the lattice mismatch between the hetero-epitaxial film and substrate. Besides, GaSe thin film possesses the advantages of stability against heating and oxidation under the ultra-high vaccum condition. GaSe has recently been reported to be applicable as a termination layer as well as an electronic passivation surface on Si even limited to nano-scaled structures. 1, 2) Due to its band gap energy of 2.0 eV, the multi-quantum well GaSe/GaS x Se 1Àx film has been proved possible to be applied in visible light emitting devices. 3) In addition to its properties for application to optoelectronic devices, GaSe also possesses a large optical nonlinearity and a broad wavelength transparency, which makes it highly promising in nonlinear optics. 4) Up to now, however, in the cases of the van der Waals epitaxy proposed by Koma, 5) the growth of a high quality thin film of GaSe is virtually always obtained by molecular beam epitaxy (MBE). [6] [7] [8] Although MBE is powerful for fabricating GaSe thin films, the pulsed laser deposition (PLD) method is reported for the first time in this study. Compared to the MBE technique, PLD is a relatively new technique used widely for the growth of multi-element materials such as ferroelectrics and superconductors due to its high-energy flux. The growth rate achieved by PLD can be varied by adjusting the repetition rate of laser pulses, which is useful for both atomic level investigations and thick layer growth. Therefore, the PLD method has been recognized to offer the potential of growing high-quality thin films at relatively lower substrate temperatures than other techniques.
In this study, we control the energy of each laser pulse and substrate temperature to the optimal growth conditions and obtain high-quality GaSe films with strong (001) orientation. We also found that changing the growth temperature from 525 C to 500 C results in a phase transition from Ga 2 Se 3 to GaSe. Furthermore, the structural and optical properties of GaSe films grown by PLD are systematically analyzed.
Experiment
GaSe films were deposited on (0001) sapphire substrates by PLD using a KrF excimer laser (Lamda Physics LPX 200i) with a wavelength of 248 nm and pulse duration of 25 ns. Prior to the deposition, sapphire substrates were ultrasonically degreased in D.I. water, acetone and isotropic alcohol for 3 min. The base pressure in the chamber was maintained below 2 Â 10 À5 Torr. The GaSe crystal grown by the vertical Bridgeman method was used as the target and, during deposition, the distance between the target and the substrate was fixed at 4 cm. To ensure high uniformity of the films, the laser beam was scanned over the target by a speaker, which is triggered by a function generator, to prevent the laser striking against the same spot on the target. In order to grow a high-quality film of GaSe, the incident laser energy density was adjusted within 0.5-11.7 J/cm 2 and the substrate temperature was set from 350 C to 575 C. The surface morphology of the films was first examined by a atomic force microscope (AFM), and the crystalline qualities were evaluated by X-ray diffraction (XRD) with ¼ 1:5405 # A (JPN MAC Science MXP18) and a scan rate of 4 /min. The Raman scattering was measured using an Arion laser of wavelength 488 nm as the excitation source and a triple grating spectrometer (Spex 1877) system as a signal detector. The low-temperature photoluminescence measurements were carried out in a helium-cooled cryogenic system and the films were excited by a He-Cd laser with the wavelength of 325 nm and average power of 30 mW. Finally, the componential analyses of these GaSe films were carried out by electron-probe X-ray microanalysis (EPMA). Figure 1 (a) shows the XRD pattern of as-grown films deposited at various substrate temperatures (T s ). Unlike the substrate temperature, the laser repetition rate and energy density were maintained at 10 Hz and 1 J/cm 2 , respectively. There is clearly a marked change of XRD patterns between 525 C and 500 C. A Ga 2 Se 3 (002) (2 ¼ 28:332 ) diffraction pattern is clearly observed when the substrate temperature was increased to more than 525 C. We believe that the phase of zinc-blende Ga 2 Se 3 is more stable at a higher growth temperature than that of GaSe, since GaSe molecules will easily reevaporate from the growing surface when T s is above 500 C due to the weak van der Waals force on (0001) sapphire.
Results and Discussion
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9) Therefore, when T s was decreased to less than 500 C, the GaSe films with (004) preferred orientation (2 ¼ 22:261 ) could be obtained, but a small amount of Ga 2 Se 3 phase was still observed in these films. Because the diffraction peaks of GaSe and Ga 2 Se 3 overlapped at 2 around 28 , the Lorentzian function was also used to fit three peaks that belong to the diffraction from GaSe (100), GaSe (101), and Ga 2 Se 3 (002). From our fitting data, the relative intensity ratios of GaSe (004) to Ga 2 Se 3 (002) and full widths at the half-maximum (FWHM) of the main peak (004) were evaluated, as shown in Table I . We found that the substrate temperature at 400 C would be the optimal growth condition. These results are consistent with those reported in ref. 10 .
Next, the GaSe films grown using different laser energy densities with high orientation at T s ¼ 400 C were obtained and the XRD results are shown in Fig. 1(b) . Clearly, only those diffraction peaks from parallel orientations of (002) were presented and when the energy density is increased, the FWHM of the main peak will become smaller, and therefore, the stronger c-axis oriented GaSe film is obtained. A reasonable explanation for this is that when a larger energy density strikes against the GaSe target, the ejected plume can obtained more kinetic energy to achieve the adsorbed nucleation and at the same time, atoms can travel a greater distance on the surface of the substrate to become wellaligned. However, the laser energy density could not be obtained beyond 11.7 J/cm 2 due to the limitation of our laser system, but suitable quality of the crystalline GaSe film has been obtained by PLD under these growth conditions.
Moreover, by changing the deposition time, the relationship between the thickness and crystalline quality was also found. Figure 2 shows the fitting parameters of XRD measurement, such as the FWHM, 2 position, and relative intensity of the main peak (004), at different deposition times. According to these fitting results, it is seen that the film that possesses the thickness of around 1200 # A exhibits better crystallinity. However, as the thickness increased further, the crystalline quality degraded. The reason for this could be that the damaged surface of the GaSe target leads to the quenching of the plume after a long-time deposition. In our best results, the film quality of GaSe shows a grain size of about 572 # A, which is estimated from the FWHM of 0.14 in the XRD (004) The chemical compositions of Ga and Se in GaSe films with different growth temperatures were measured by EPMA and the results are listed in Table II . Although the componential ratio between 450-500 C is nearly 1, the ratio increases as T s is raised. When T s is increased above 525 C, a polycrystalline structure is formed with stochiometry close to that of zinc-blende Ga 2 Se 3 . Besides, it is noted that the films with Se-rich composition not only exist at the growth temperature of 525-550 C but also exist below 500 C. The result indicated that there are still few Ga 2 Se 3 phases in the GaSe films, which is consistent with the results of XRD measurement.
AFM
In order to investigate the mechanism of the initial growth process, the GaSe film was grown during the first 1 min with a laser energy density of 9 J/cm 2 at a temperature of 400 C. The AFM morphology of the GaSe thin film is shown in Fig.  3(a) and presents several islands with the average height of 420 # A, which are uniformly distributed over the entire surface. These islands are formations of clusters and atoms that were ejected from the GaSe target. After annealing, these islands that lay on the GaSe surface tended to coalesce and re-crystallize, finally becoming layered. From this fact, we conclude that the growth process of GaSe deposited by PLD could be speculated to be layer plus island growth. In Fig. 3(b) , the AFM images of the GaSe films with the condition of different laser energy density (1.6 J/cm 2 , 3.9 J/ cm 2 , and 8 J/cm 2 ) are shown. Based on these AFM results, it is worth noting that as energy density is increased, flatter and fewer islands of the GaSe film can be obtained. This may be due to the fact that islands having higher kinetic energy will easily migrate and coalesce together, therefore yielding better film quality. These results are in substantial agreement with XRD data.
Raman scattering
Raman spectroscopies were investigated for the GaSe films grown with different deposition times and the results are shown in Fig. 4(a) . Due to the D 1 3h space group that GaSe crystal belongs to, there are the following normal modes: Fig. 4(b) , when the thickness of film was 368 # A, the peak position of E 0 (LO) mode deviated significantly from that of bulk GaSe. The reason for this is that the lattice mismatch between the GaSe film and sapphire produced numerous stress in the initial growth procedure. The larger stresses () from the pressure effect on the GaSe films can reveal that 13) wðÞ ¼ wð0Þ þ @w @
where the wð0Þ (¼ 250:5 cm À1 ) is the E 0 (LO) mode frequency under zero pressure. These estimated results of stress are shown in Fig. 4(b) . However, as the thickness of the film is increased the frequency of E 0 (LO) mode shifted toward bulk GaSe. This means that the interface stress of GaSe layer and sapphire substrate will be released as the GaSe film thickness goes beyond 800 # A. Besides, according to the results of linewidth versus thickness in Fig. 4(c) , the optimal quality GaSe film was obtained when the thickness was around 1200 # A. This result of the Raman spectra confirms the XRD result.
PL measurement
The PL measurement of the GaSe films shows that emission properties vary from sample to sample, even when samples are grown under nominally similar conditions. However, the main features of the PL spectra are similar for all samples, and can be divided into two categories: the near band edge emission and two defect-level emissions. A typical low-temperature PL spectrum of a sample is shown in Fig. 5 . The emission around 620 nm, which is extraordinarily bright, has been characterized and is ascribed to the recombination of a zero-phonon line of indirect bound excitons, resulting from the capture by impurity centers below the M þ 3 minimum. The fact is that the phonon-assisted transition is allowed due to the inclusion of numerous impurities or structural defects in the indirect semiconductor since the momentum can be conserved in an optical transition through the impurities.
14) The emissions at 647 nm and 668 nm have been previously assigned to the recombination via impurity levels or structural defects localized in the forbidden gap according to ref. 14.
Conclusions
The highly oriented (001) GaSe films on c-cut sapphire (0001) are successfully fabricated by pulsed laser deposition. XDR, AFM, EPMA, Raman spectra and photoluminescence measurements have been used to determine the proprieties of as-grown GaSe film. XDR measurement has shown that the critical temperature of phase transition from Ga 2 Se 3 to GaSe is around 500 C and optimal growth conditions of substrate temperature and thickness of film are 400 C and 1200 # A, respectively. Furthermore, the growth process of GaSe thin film is by means of layer plus island growth. The optimal energy density of GaSe film is 11.7 J/cm 2 . The grain size of optimal GaSe film with polycrystalline structure is about 572 # A, which is similar to the result of the film grown by MBE. The stress that exists between the GaSe film and sapphire substrate will be released as the thickness increases beyond 800 # A. Finally, the indirect bound exciton emission and the recombination via impurity levels or structural defects were observed from low-temperature photoluminescence measurement.
